Abstract. This paper discusses online handwriting recognition of Japanese characters, a mixture of ideographic characters (Kanji) of Chinese origin, and the phonetic characters made from them. Most Kanji character patterns are composed of multiple subpatterns, called radicals, which are shared among many (sometimes hundreds of) Kanji character patterns. This is common in Oriental languages of Chinese origin, i.e., Chinese, Korean and Japanese. It is also common that each language has thousands of characters. Given these characteristics, structured character pattern representation (SCPR) composed of subpatterns is effective in terms of the size reduction of a prototype dictionary (a set of prototype patterns) and the robustness to deformation of common subpatterns. In this paper, we show a prototype learning algorithm and HMM-based recognition for SCPR. Then, we combine the SCPR-based online recognizer with a compact offline recognizer employing quadratic discriminant functions. Moreover, we also discuss online handwritten Japanese text recognition and propose character orientation-free and line direction-free handwritten text recognition and segmentation. Finally, as applications of online handwritten Japanese text recognition, we show segmentation of mixed objects of text, formulas, tables and line-drawings, and handwritten text search.
Introduction
As PDAs, tablet PCs, and other pen-based or paper-based systems, such as the Anoto [1] and e-pens [2] , spread, the demand for improving online handwriting recognition and liberating it from writing constraint is still increasing. In online handwriting recognition, both temporal information of pen tip movement and spatial shape information are available, so it can yield higher recognition accuracy than offline handwriting recognition. Moreover, online handwriting recognition provides good interaction and adaptation capability because the writer can respond to the recognition result to correct misrecognition and rejection.
The research of online handwriting recognition began in the 1960s and has been receiving intensive interest since the 1980s. The comprehensive survey before the 1990s appears in [3] [7] . In this paper, we mainly discuss online Japanese handwriting recognition, including our recent results.
The Japanese character set consists of various characters: numerals, symbols, Hiragana, Katakana, and Kanji characters of Chinese origin. Hiragana and Katakana are phonetic characters. The former consists of 83 characters, and the latter consists of 86 characters. Kanji characters are idiographic characters. Two classes are defined for the purpose of computer processing: JIS first level and JIS second level (JIS stands for Japanese Industrial Standard). The JIS 1st level set contains 2,965 common characters, which are necessary for reading the newspaper, and the JIS 2nd level set contains 3,390 characters less common and special characters for naming.
Most Kanji character patterns are composed of multiple subpatterns, called radicals, which are shared among many (sometimes hundreds of) Kanji character patterns. This is common in Asian languages of Chinese origin, i.e., Chinese, Korean, and Japanese. Among Kanji character patterns, some patterns are simple, consisting of a single radical, while others are complex with multiple radicals.
In the field of pattern recognition, large volumes of sample patterns are as important as recognition methods. We spent four years compiling two databases of online Japanese handwritten character patterns, named "TUAT Nakagawa Lab. HANDS-kuchibue d-97-06" (hereafter Kuchibue d) [8] and "TUAT Nakagawa Lab. HANDS-nakayosi t-98-09" (hereafter Nakayosi t) [9] . Kuchibue d stores 11,962 character patterns from each of 120 people (1,435,440 patterns), and Nakayosi t stores 10,403 patterns from 163 people each (1,695,689 patterns). Thus, they store more than 3 million patterns in total. About 50 institutions, including more than 10 groups from abroad, use our databases, so we will base our experiments on these databases.
The large number of Japanese character categories affects the classification techniques. In western handwriting recognition, Hidden Markov models (HMM) are successfully applied. However, they are not common in Japanese handwriting recognition because they require huge amount of training data for each character. Therefore, DP-matching comprises the core of many online Japanese handwriting recognizers with several modifications proposed [10]-[12] . These large categories also affect the size of the dictionary (a set of prototype patterns) and the recognition speed, so it has been difficult to use a powerful online recognizer or combine online/offline recognizer to improve the recognition accuracy in a small computer.
The demand to remove writing constraint for online handwriting recognition is increasing steadily as people can write more freely on enlarged surfaces of tablet PCs, electronic whiteboards, and other paper-based handwriting environments. However, segmentation and recognition of online handwritten Japanese text is challenging work, because of the large variation of character size, and people write text horizontally, vertically or even slantwise.
